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Summary
For homologous protein chains composed of two do-
mains, we have determined the extent to which they
conserve (1) their interdomain geometry and (2) the
molecular structure of the domain interface. This
work was carried out on 128 unique two-domain archi-
tectures. Of the 128, we find 75 conserve their interdo-
main geometry and the structure of their domain inter-
face; 5 conserve their interdomain geometry but not
the structure of their interface; and 48 have variable
geometries and divergent interface structure. We de-
scribe how different types of interface changes or
the absence of an interface is responsible for these
differences in geometry. Variable interdomain geome-
tries can be found in homologous structures with high
sequence identities (70%).
Introduction
Domains are the evolutionary units of proteins. Small
proteins are formed by one domain, but larger proteins
consist of two or more domains. These large proteins
form two thirds or more of those found in genomes
(Teichmann et al., 1998). In some multidomain proteins,
the domains undergo relative motion as part of their
function (Gerstein et al., 1993). Here the basic question
we want to address is to what extent homologous two-
domain proteins change or conserve their interdomain
geometries in response to sequence divergence. When
they do not conserve their interdomain geometries, we
want to understand the structural and functional basis
of these changes.
Recent surveys of multidomain proteins include ex-
amination of domain combinations by Apic et al. (2001),
who quantified the combinatorial behavior of sequential
domain pairs, and Bashton and Chothia (2002) and
Gough (2005), who studied the evolutionary origins of
sequential domain order. Aloy et al. (2003) did a large-
scale automatic survey of interdomain geometry, while
Littler and Hubbard (2005) related the changes in inter-
domain orientation of a family to its promiscuity in terms
of interaction partners.
*Correspondence: jhh03@mrc-lmb.cam.ac.ukIn this study, we have analyzed the relative interdo-
main orientations in proteins that have 128 different
domain architectures (i.e., a particular combination of
domains in a particular N- to C-terminal order). This
was carried out through a series of structural superposi-
tions of all structures that have the same domain archi-
tecture. We assess the extent to which interdomain
geometries are conserved in each particular domain ar-
chitecture. In addition, we complement our geometrical
analysis by examining the structural details of the do-
main interfaces in order to understand the origins of
conservation or variation in interdomain geometry and
their effect on protein function. This adds a novel dimen-
sion to understanding interdomain geometry that has
not been addressed before to our knowledge. Because
detailed examination of the domain interface structures
is required, manual inspection and manual superposi-
tions are necessary. Therefore, we focus on a limited
set of two-domain combinations.
Intrachain domain interfaces, such as those found in
our data set, form an important subset of interactions
within large protein complexes. These interactions are
likely to be similar in characteristics to those that occur
between polypeptide chains in protein complexes. This
assumption extends from the similarity in biophysical
properties of the two types of interfaces. Atomic packing
calculations carried out by Tsai et al. (1999) have shown
that protein interiors, which include our intrachain, inter-
domain interfaces, are efficiently packed. This observa-
tion is mirrored not only in obligate interchain interfaces
but also in the core of transient interchain interfaces,
which is formed by a subset of contacting interface
atoms that become fully inaccessible upon association.
In both cases, the atoms are just as tightly packed as
the protein interior (Chothia and Janin, 1975; Lo Conte
et al., 1999). Furthermore, Jones et al. (2000) have re-
ported a strong physicochemical similarity between
intrachain interfaces and oligomeric protein interfaces.
Given the biophysical similarity of intra- and interchain
interfaces, studies of the structural organization of mul-
tidomain proteins have implications for the evolution
and modeling of interactions between proteins.
Recent computational work on protein-protein inter-
actions has included homology modeling of structures
of large assemblies (Russell et al., 2004). New strategies
aim to integrate various experimental techniques with
a variety of theoretical approaches as demonstrated in
the three-dimensional homology modeling of the yeast
exosome and Escherichia coli 70S ribosome (Gao
et al., 2003). The accuracy of complex modeling through
this hybrid approach is likely to improve with a better
understanding of the limits of information extrapolation
in comparative structural modeling. Our work provides
insights into the extent to which this is possible.
Results and Discussion
Establishing Groups of Two-Domain Geometry
Here we analyze sets of homologous protein structures
that contain two domains. In order to collect a
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structure, we have used two databases, SCOP (Murzin
et al., 1995) and ASTRAL (Brenner et al., 2000) (versions
1.63).
SCOP is a hierarchical structural classification data-
base for proteins that defines domains as evolutionary
units (i.e., SCOP domains exist on their own and/or in
combination with other domains). Related domains
that share common ancestry as evidenced from their
sequence similarity are placed in the same family. These
in turn are grouped together to form superfamilies on the
basis of a combination of structure, sequence, and func-
tional information. The ASTRAL database augments the
SCOP database and provides amino acid sequences of
all structures in SCOP filtered to 90% sequence identity.
Using the domain definitions and superfamily classifi-
cations from SCOP, all two-domain chains were se-
lected from this filtered data set. We excluded closely
related homologs with greater than 90% sequence iden-
tity as (1) we want to address changes in interdomain ge-
ometry with respect to sequence divergence, and (2) do-
main movements in proteins with high sequence identity
are almost certainly related to their common function,
and the mechanisms of domain motion in these proteins
have been examined in detail by Gerstein et al. (1994).
A subset of these chains that consist of either Ca-only
structures or containing inserted domains is not in-
cluded in this work. The remaining chains were subse-
quently clustered together into groups on the basis of
their having homologous domains in the same sequential
order at the level of superfamily. Any group with a single
member was not considered for analysis.
This resulted in an initial data set of 143 different do-
main architecture groups which was analyzed using the
procedures outlined in sections below. A subset of these
domain architecture groups was later excluded, as some
members contained artificial changes in domain geome-
try. For instance, in human complement receptors which
consist of two ‘‘complement control module’’ superfam-
ily domains, different deglycosylation procedures during
sample preparation resulted in a nonphysiological V-
shaped orientation of domains. The statistics of the final
data set are described in the section below. For a com-
prehensive list of domain architectures included and
excluded from our analysis, refer to http://www.mrc-lmb.
cam.ac.uk/genomes/suppl/Han_2006_MD_geometry.
Structural Superposition and Analysis
In order to determine the relative geometries of domains
in homologous protein chains, superposition calcula-
tions on the individual domains were carried out. By
superposing one pair of domains (either on N- or C-ter-
minal domains), the differences in the position of the
other domain can be described in terms of their center
of gravity (CoG), which is calculated from aligned
regions of the structure. Given the superposition of
one pair of homologous domains, the difference in
geometry can be described by the translational and ro-
tational movements required to optimally superpose
the CoGs of the other pair of domains, as demonstrated
in Figure 1.
Superposition of Homologous Domain Pairs
Initially, we carried out exhaustive superpositions for all
member structures within each domain architecturegroup using the automatic alignment programs CE and
SSM (Krissinel and Henrick, 2004; Shindyalov and
Bourne, 1998). We used CE and SSM, because at the
time of this analysis these programs allowed the most
efficient large-scale structural comparison with high ac-
curacy and wide coverage (see comparative studies in
Krissinel and Henrick, 2004). Furthermore, using two
programs and selecting an optimal alignment with lower
root-mean-square deviation (rmsd) value has an added
advantage in that the consistency of the results can be
checked, as CE and SSM use different algorithms.
To superpose domains, the atomic coordinates of
equivalent residues that have the same local conforma-
tion are fitted together. However, distantly related pro-
teins can be very divergent in their structure and have
regions that have different folds because of mutations,
deletions, and insertions. At low sequence identities,
a pair of related proteins commonly shares the same
fold in less than half of its structure (Chothia and Lesk,
1986). In these cases, regions that have a different fold
should be excluded from the alignment.
Automatic superposition programs, however, may fail
to distinguish and exclude those parts of structures that
have little or no structural equivalence to each other.
This error will be reflected in high rmsd values. It has
been shown from previous work (Chothia and Lesk,
1986) that the regions that retain the same local confor-
mation in related pairs of structures, that have sequence
identities of 20%, usually have rmsd values close to
2.5 A˚. Therefore, using 2.5 A˚ rmsd as a cutoff, we have
examined the results of the automatic alignments by
visual inspections and, where necessary, carried out
a complete realignment of domains manually. On aver-
age, domains that align with rmsd values below 2.5 A˚
shared an overlap ofw87%. The maximum shared frac-
tion was 100% while the minimum wasw31%. Inw99%
of cases, more than 40% of the domain was included in
the superposition.
Manual superpositions were carried out by examining
the details of the hydrogen bonding patterns as well as
the topological equivalence and amino acid identities
of the fitted residues. This procedure is similar to the
structural comparison method outlined in Gough and
Chothia (2004), and the steps involved are demon-
strated in Figure 2.
Our final data set derived from automatic and manual
procedures contains 128 different domain architecture
groups consisting of 548 homologous structures. The
number of structures in each domain architecture group
ranges from 2 to 38 structures, but the majority of
groups (w64%) have less than 4 members, and 8 groups
contain more than 10 member structures. The size
distribution of domain architecture groups is shown in
Table 1.
All-against-all alignments by automatic structural
alignment programs within each architecture group pro-
duced 1939 successful alignments out of 2256 possible
superpositions. In order to verify alignments with rmsd’s
greater than 2.5 A˚, and for some pairs of structures that
could not be aligned automatically, about 150 manual
alignments were necessary. We carried out a single link-
age analysis on the alignment results which shows that
manual and automatic alignments cover all possible
pairs of structures in each domain architecture group.
Domain Geometry and Interface Structure
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in Two-Domain Proteins
After superposing one pair of homologous
domains (dark gray), the differences in the
CoGs of the other domains are determined.
The differences in their interdomain geome-
tries are the translation (A) and rotation (B)
needed to optimally superpose the two sec-
ond domains (light gray).Examination of Domain Interfaces
Based on the CoG calculations, we have put protein
chains of each domain architecture group with con-
served domain geometries into clusters. We defined
conserved domain geometry as those that have less
than 20º rotation and 5 A˚ translation at the center of
gravity. Describing domain orientations as rotations
and translations is more intuitive than the interaction
rmsd (irmsd) measurement used in Aloy et al. (2003).
In distantly related pairs of proteins, the relative posi-
tions and orientations of homologous secondary struc-
tures can commonly differ by translations of 5 A˚ or rota-
tions of 20º as they adjust to sequence divergence (Lesk
and Chothia, 1980). Our survey of preliminary results
from automatic alignment programs showed that most
alignments (w72%) have these minor changes in do-
main orientation. Furthermore, visual inspection of a
selected subset of these alignments displayed a con-served interface structure—homologous residues had
the same or similar pattern of contact across the inter-
face. After clustering protein chains of conserved do-
main geometry, alignments that compare structures
from different clusters were selected, that is, differences
in the position of CoGs were above the threshold values.
The domain interfaces of the structures in these align-
ments were examined to understand the origins of
changes in interdomain geometry.
For the examination of the domain interfaces, interface
peptides were identified. We define interface residues as
those that have atomic groups whose distance from
residues on the other domain are within van der Waals
radii + 0.5 A˚ (Gough and Chothia, 2004). Note that in
some of the homologous structures, the interface pep-
tides have changed their local conformation and there-
fore the residues making contacts between domains
are not equivalent.Figure 2. Manual Superposition of Homologous Domains and Identification of Structurally Equivalent Interface Peptides
(A) Homologous domains (C-terminal domains of glutamate and aspartate racemase, 1b74 and 1jfl, respectively) are similarly orientated and
through visual inspection, residues that appear to be equivalent are identified from the core. These regions are highlighted in blue.
(B) Hydrogen bonding patterns of these regions are then compared to extract the largest number of residues that are likely to occupy similar
positions in space (outlined in red). Fit of the selected region is then assessed in PINQ (Lesk, 1986) by inspecting the deviations of backbone
atoms and overall rmsd. The topological equivalence (i.e., order of strands, labeled from A to B and A0 to B0) and residue identities are also con-
sidered to increase the confidence of the manual alignment. In many cases, correct superposition of the core brings other potentially equivalent
regions into close proximity to each other, which can be identified by viewing the initial superposition. Such regions are subsequently added to
extend the fitted regions.
(C) Once a correct alignment is obtained, positions of contact residues are highlighted on the superposed structure to extract structurally equiv-
alent interface residues (highlighted in dark and light gray). These are then used to remeasure geometry changes specifically at the domain
interface. This is achieved by superposing one set of interface residues and recording the displacement in the unaligned set.
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sual inspections from homologous structures. This can
be done by highlighting the positions of contact residues
on the superposed structures and manually selecting
structurally equivalent regions that contain the contact
residues. It is not possible to implement this procedure
automatically, because, to our knowledge, no algorithms
exist that can accurately assign residue equivalence at
the domain interface.
The structural equivalence of the manually selected
interface peptides was measured by assessing the fit
of these regions in the homologous domain using PINQ
(Lesk, 1986). Note that the rmsd values for interface res-
idues used are not the same as the interface rmsd used
to quantify docking predictions (Carter et al., 2005).
Here, we deal with homologous proteins, not identical
protein chains, for which the interface rmsd was devised.
Using the manually extracted interface peptides, rota-
tions and translations were recalculated specifically at
the domain interface by the same method used at
CoGs—that is, superpose one set and measure the de-
viations in the other. These calculations may give values
whose size is not simply related to the shifts seen in the
CoGs of the domains for the following reasons. (1) Our
data set contains distantly related domains (i.e., less
than 30% sequence identity) that will adapt to sequence
divergence by shifts in the positions of secondary struc-
tural elements (Chothia and Lesk, 1986). The accumu-
lation of these small intradomain shifts across both
domains can produce large displacements in CoG posi-
tions. (2) If the CoGs of the domains are far from the in-
terface, it is possible to have large variations reported at
the center of gravity with conservation of interface struc-
ture. Such cases are possible in large domains consist-
ing of multiple structural units.
Based on our inspection of interface peptides and the
fits we carried out, we can classify the various changes
in interface structure that we observed into one of a few
categories. These are discussed in detail below. It
should be noted that for very divergent interfaces, fits
of interface peptides were not possible as structurally
equivalent regions are not present in the structure.
Interdomain Geometry and Structural Classification
of Domain Interfaces
Here we discuss our classifications of interdomain ge-
ometry and interface structure in 128 domain architec-
Table 1. Size Distribution of Domain Architecture Groups
Group Size Frequency
2 56
3 27
4 15
5 7
6 6
7 4
8 3
10 2
More 8
About two thirds of domain architecture groups have two or three
member structures. Only a few groups contain more than 10 mem-
bers, with the largest group size being 38.ture groups. For each domain architecture group, any
difference that occurs is classified based on alignments
with the largest change in its interdomain geometry. The
128 groups are assigned to one of three categories: (1)
conserved interdomain geometry and interface struc-
ture (75 groups); (2) conserved interdomain geometry
and divergent interface structure (5 groups); or (3) di-
verged interdomain geometry and diverged interface
subtype (48 groups). It should be noted that alignments
from groups containing many members do not always
belong to the same category.
Alignments with Conserved Interdomain Geometry
and Their Interface Structure
In Figures 3A and 3B, we plot the translational and rota-
tional differences seen in homologous structures.
Broadly speaking, the data set can be viewed as two
sets. These sets are defined by differences in the posi-
tion of the center of gravity in the unsuperposed homol-
ogous pair of domains. The majority of alignments have
conserved interdomain geometries and lie near the
lower end of the graph. Those with large movements in
the position of the center of gravity occupy the far right
end of the plots as shown in Figures 3A and 3B.
Most of the data points lie within the <20º and <5 A˚
limit, which is our threshold for conserved domain ge-
ometry. They come from 76 conserved groups where
all alignments of member structures report changes in
domain geometry that are smaller than this threshold.
Four groups are only marginally above our defined
threshold. In these groups, the domain interface is con-
served. Therefore, given the differences with the con-
served 76 are only very marginal, we include these in
the conserved interdomain geometry group, making 80
in all.
When representative alignments are selected from
these conserved groups for detailed manual examina-
tion of their domain interface, 71 alignments out of 76
(w94%) have little or no change in their interface struc-
ture. Typically, interface peptides of conserved inter-
faces have an average rmsd value of 1.2 A˚ with a mini-
mum and maximum of 0.5 A˚ and 1.3 A˚, respectively. In
some cases, minor variations in conformation are lo-
cated at peripheral regions of the interface, where
changes in conformation are more likely to be tolerated.
The observed conservation in domain geometry and in-
terface structure is not due to lack of sequence diver-
gence. When sequence identities from domains with
the least similarity are plotted on a histogram, the distri-
bution covers the entire range of sequence identities
considered in our analysis, with the bulk of identities
found between 10% and 30% as shown in Figure 4.
This wide distribution corroborates the lack of correla-
tion between sequence identity and conservation of
domain geometry observed in the scatter plots.
Interestingly, in Figure 4, the sequence identities of
approximately two thirds of conserved and approxi-
mately one third of changed alignments are above
30%–40%. Even at very high identities (as high as
70%), alignments differ in their interdomain geometry.
In these cases, the domains are connected by extended
linkers with limited interaction between the two do-
mains. The lack of extensive domain interface may have
allowed the proteins to adopt a divergent interdomain
geometry even when the sequence identity is very high.
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(A) A plot showing rotation versus translation as measured from the center of gravity for all domain architecture groups. The majority of points are
located in the lower left-hand corner (with <5 A˚/20º). All domain orientations are colored according to the domain with the lowest sequence identity.
(B) The same plot, but domain orientations have been colored according to their interface classification. Classification is based on the observa-
tions made at the domain interfaces and each category is intended to provide a descriptive grouping for all manually inspected alignments.
(C) and (D) are subsections of (A) and (B), respectively. (A) and (B) (also [C] and [D]) are complementary plots and should be viewed together. The
definition of the interface classification key is described in detail in the main text.Conserved Interdomain Geometry
and Divergent Interfaces
Five alignments from 80 conserved geometry groups
have structural changes at their interface despite their
conserved domain geometry. An examination of these
proteins indicates that strong functional constraints op-
erate to maintain the observed domain orientations. The
sources of these constraints vary in the five examples
with the most apparent constraint being the active
site, which requires the two domains to interact in a spe-
cific geometry. Such a constraint is found in two cases,
one of which is illustrated in Figure 5.
The two homologous proteins shown in Figure 5 are
p-cresol methylhydroxylase (p-Cre) and cholesterol ox-
idase (Coulombe et al., 2001; Cunane et al., 2000). The
two structures are distantly related, with w12% and
w7% sequence similarity in N and C termini, respec-
tively, but have a similar fold inw70% of their structure.
Each domain in these structures makes specific func-
tional contributions to the overall catalytic activity of
the protein, with the N-terminal domain binding the
FAD cofactor while the C-terminal domain binds the
substrate. The geometric constraint on the relative posi-
tion of the two domains is the requirement that the FAD
cofactor is bound so that the reactive isoalloxazine
ring is placed in a particular orientation relative to the
substrate.
As the formation of the active site requires a specific
region (the b pleated sheet, highlighted in blue inFigure 5) of the C-terminal domain to be on the opposite
face of the isoalloxazine ring, the orientation of the sub-
strate binding domain is very similar in the two struc-
tures. This is in spite of there being large differences in
the structure of their interfaces.
The interface is formed by six interface peptides from
N-terminal domains and four or five interface peptides
Figure 4. Distribution of Sequence Identities
Histogram of sequence identities extracted from the domain in each
pairwise superposition with the least similarity. Alignments in solid
columns have conserved domain geometry, whereas hatched col-
umns represent alignments with variable domain geometry from
‘‘mixed’’ and ‘‘changed’’ groups.
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Interface peptides that have the most radical changes in their local conformation are numbered from 1 to 8. Their length and corresponding residue
numbers are shown in Table 2. Peptide 8 is colored in black and it is only present in cholesterol oxidase. Despite these large changes, two homol-
ogous proteins shown here (p-cresol methylhydroxylase [PDB code: 1diq] and cholesterol oxidase [PDB code: 1i19], left and right, respectively)
retain very similar domain geometry. The cofactor binding N-terminal domains (red) have been positioned in similar orientation.
In both of these proteins, the active site is deeplyburied in the interior of the protein and consists of a cavity located in between the isoalloxazine ring
of the FAD cofactor and the b pleated sheet (highlighted in blue) in the C-terminal substrate binding domain (yellow). The cavities of the two struc-
turesdiffer in volume, which reflects the differences in substrate size (Coulombe et al., 2001;Cunaneet al., 2000). Thus, changes in interface peptide
structure contribute to creating differently sized cavities, which can accommodate substrates of different size.(p-Cre and cholesterol oxidase, respectively) from C-
terminal domains. All of these interface peptides have
either insertions, deletions, or mutations, such that no
structural equivalence exists between these interface
peptides. Therefore, superposition of the interface is
not possible.
We have listed seven interface peptides from p-Cre
and eight from cholesterol oxidase (see Table 2) that
have the most radical change in their local conforma-
tions and have highlighted their position in Figure 5.
Other interface peptides that are not shown in Table 2
have been omitted in Figure 5 for clarity of presentation.
A second example of this type of constraint is found in
members of the phospholipase D superfamily that in-
clude a human tyrosyl-DNA phosphodiesterase (Tdp1),
which have been implicated in disjoining DNA and in
type 1 topoisomerase dead end complexes, and aStrep-
tomyces phospholipase D (PLD) that functions in the
metabolism of phospholipids (Davies et al., 2002; Leiros
et al., 2000). These structures have a duplicated domain
architecture, with both of the domains belonging to the
phospholipase/nuclease SCOP superfamily. Each of
these domains contains a conserved motif at the inter-
face that comes together to form the active site.One of the five alignments is between two type I ami-
noacyl-tRNA synthetases, E. coli cysteinyl synthetase
(Newberry et al., 2002) and Thermus thermophilus me-
thionylaminoacyl-tRNA synthetase (Sugiura et al., 2000),
that catalyze the transfer of a specific amino acid to the
Table 2. Interface Peptides that Have Different Local
Conformations in Related Domain Combinations
Interface
Peptides
p-Cresol
Methylhydroxylase
Interface Peptide Length
(Residue Region)
Cholesterol
Oxidase Interface
Peptide Length
(Residue Region)
N-terminal 1 10 (149–158) 7 (183–189)
2 11 (167–177) 3 (199–221)
3 5 (92–96) 5 (123–127)
4 7 (47–53) 4 (80–83)
C-terminal 5 6 (473–478) 6 (551–556)
6 22 (371–392) 16 (415–430)
7 5 (275–279) 8 (304–311)
8 0 (–) 22 (479–500)
Peptides that occupy equivalent positions at the interface are given
the same number. The numbers in parentheses refer to the residue
numbers. Note that interface peptide 8 does not have a correspond-
ing contact region in p-cresol methylhydroxylase.
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elongated overall shape, with the catalytic domain lo-
cated at the N terminus and the anticodon binding do-
main at the C terminus. The type of functional constraint
in these proteins is different from the constraint imposed
by active sites that are located in between interacting
domains. Here, the orientations of domains are deter-
mined by the tertiary structure of tRNAs. Although minor
differences have been observed in different tRNAs, their
overall organization is the same and resembles an in-
verted letter L, with the anticodon region at one end
and the amino acid-accepting 30-hydroxyl group at the
other. As part of the mechanism that ensures the fidelity
of protein synthesis involves the recognition of the anti-
codon prior to the charging of amino acids, the two do-
mains in these proteins, which contribute a specific
function to the overall activity of the protein, must con-
tact both the 30-hydroxyl and the anticodon ends, whose
distance is likely to be conserved.
The source of constraint in the remaining two align-
ments is unclear. At the present time, the functions of
the structures in these two alignments are not known
sufficiently well to be able to identify the functional con-
straint on their geometry.
Unlike the 75 domain architecture groups that retain
domain geometry as well as interface structure, the 5
conserved groups described above maintain domain
geometry but not interface structure. In the sections be-
low, we describe the interface variation observed in the
remaining 24 mixed and 24 changed groups.
Changes in InterdomainGeometry andClassification
of Their Interfaces
The data points that lie beyond the limit of <5 A˚/20º come
from either 24 domain architecture groups in which all
members have different geometries or 24 ‘‘mixed’’
groups.
In seven alignments within these 48 groups, there are
significant changes (i.e., greater than 5 A˚ translation and
20º rotation) in the position of CoGs despite a conserved
interface structure. In these cases, structural modifica-
tions occur internally within domains and the changes
in the position of center of gravity are the result of accu-
mulation of these changes across both domains.
The deviations in domain geometry observed in other
alignments originate from different types of interfaces
changes, which we have classified into one of seven cat-
egories. Classification of each alignment is based on the
characteristics of the domain interface and each cate-
gory is intended to provide a descriptive grouping for
all manually inspected alignments. The list of structures
in each category is available at http://www.mrc-lmb.
cam.ac.uk/genomes/suppl/Han_2006_MD_geometry on
the ‘‘mixed’’ and ‘‘changed’’ alignment pages. It should
be noted that divergent interdomain geometry groups
containing multiple members can belong to several cat-
egories. In such cases, the alignment with the largest
change in the interdomain geometry was selected.
Category A: Different conformational or complex
states
Some alignments represent superpositions between
structures which are in different conformational states,
where one protein is in a substrate- or ligand-bound
state and the other in unbound free form. Alternatively,
comparisons are between proteins which have beensolved as different complex forms, where the first struc-
ture is a component of a larger complex and the second
is a protein that has been determined on its own. In both
cases, the effects of other complex partners or alter-
native conformations on changing domain geometry
cannot be distinguished from changes at the domain in-
terfaces, and hence a valid comparison of interface
structure is not possible. There are nine such alignments
and the movements range between about 25–160º in
rotation and 7–50 A˚ in translation (groups belonging to
this category are listed at http://www.mrc-lmb.cam.ac.
uk/genomes/suppl/Han_2006_MD_geometry).
Category B: Structures lacking a fixed interface
Domains of some structures do not have a fixed inter-
face. There are 20 alignments that belong to category B,
13 of which have rotations greater than 45º. At the ex-
treme, the two domains are connected by extended
a helices or unstructured peptides, and hence do not
bury any surface at all. For structures without an inter-
face, domain orientations can be defined upon binding
to a ligand or by crystal contacts. Alternatively, some
proteins possess small interfaces that exhibit evidence
of flexibility—that is, high temperature factor or different
crystal forms of the same structure have varying domain
orientations. Alignments that belong to category B,
together with those that compare structures in diff-
erent states (category A), form the majority of outliers
(rotations greater than 45º) that lie on the far right of
Figure 3B.
The structures that form 11 of the alignments have
small domain-domain interfaces. The largest size of
the domain interface is 1010 A˚2 while in the other 21
structures it is less than 1000 A˚2. In the other 9 align-
ments, at least one structure of each pair has an interface
that is larger than 1000 A˚2. In order to analyze the nature
of interdomain contacts present in the structures of
these 9 alignments, we calculated the local atomic den-
sity index (LD) as described in Bahadur et al. (2004). This
index estimates the packing density at each interface
atom by counting the number of neighboring interface
Table 3. Local Atomic Density of 18 Structures in Category B
Alignment
Structure 1
PDB Code
Structure 2
PDB Code
1 Eukaryotic initiation
factor 4a 1fuu (7)
Escherichia coli Rep
helicase 1uaa (44)
2 Histidyl-tRNA
synthetase 1qe0 (16)
Glycyl-tRNA synthetase
1ati (44)
3 Klebsiella aerogenes
metallochaperone
UreE 1gmu (23)
Bacillus pasteurii
metallochaperone UreE
1ear (44)
4 Response regulator
DrrD 1kgs (24)
Response regulator NarL
1a04 (42)
5 Methyltransferase
RlmB 1gz0 (23)
Methyltransferase RrmA
1ipa (39)
6 Human replication
protein A 1fgu (30)
Oxytricha nova telomere
binding protein 1k8g (51)
7 Arginine repressor
ArgR 1b4a (33)
Transcriptional regulator
AhrC 1f9n (35)
8 DNA helicase RuvB
1in4 (36)
Cell division control protein
Cdc6/18 1fnn (44)
9 cAMP-dependent
kinase regulator
type I 1rgs (38)
cAMP-dependent
kinase regulator
type II 1cx4 (41)
Local atomic density is given in parantheses.
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(A) The corresponding domains of g-crystallin and protein S (PDB codes: 1a45 and 1prr, left and right, respectively) are similar in structure. The
manner in which the domains interact in each structure is different. The side strands (in gray) of g-crystallin pack together face to face, whereas
the edges of strands in each domain interact in protein S. The two proteins have been oriented in different ways to visualize the difference in
interdomain association.
(B) Two dihaem cytochrome C proteins (SoxA and cytochrome C4, chain A of PDB codes: 1h32 and 1etp, left and right, respectively) orientated
with respect to the C-terminal domains in yellow. There are additional N- and C-terminal polypeptides (highlighted in light and dark gray) in SoxA
which block the face of the C-terminal domain that is commonly used to form interfaces in other two-domain cytochrome C proteins. As a con-
sequence, the domains of SoxA pack differently and the homologous N-terminal domains differ in geometry. The novel domain arrangement in
SoxA results in larger distance separation between the two covalently attached haems (blue) precluding effective electron transfer.
(C) Two homologous proteins (mRNA capping enzyme and T7 DNA ligase, chain A of PDB codes: 1ckm and 1a0i, left and right, respectively) have
been orientated with respect to their N-terminal domain (red). The corresponding C-terminal domains, which consist mainly of a twisted b sheet,
have undergone large structural changes and only the strands forming the twisted sheet (highlighted in gray) can be superposed. As a result of
extensive structural divergence, the different packing surfaces are not immediately apparent; however, in the base alignment state, the corre-
sponding C-terminal domains occupy distinctly different regions of space. Furthermore, when the C-terminal domains are aligned separately,
surface patches containing the contact residues (highlighted in dark blue and purple) do not overlap with each other; the third structure shows
capping and ligase enzyme domains in dark and light green, respectively.atoms within a 12 A˚ distance cutoff and averaging them
over all interface atoms. Bahadur et al. have shown that
LD values below 40 represent nonspecific contacts
such as those found in crystal packing, whereas values
above indicate stable biological interactions.
The LD values of 18 structures are listed in Table 3. In
our calculation, at least one structure of each alignment
has LD values below the threshold, but the higher values
in the second structures are likely to represent true inter-
faces. In alignment 7, both structures have values of 33
and 35. Here, the interdomain geometries of both struc-
tures are unlikely to be stable. However, in the final case
(alignment 9), both LD values are close to 40 and it is
unclear. Inspection of the interface residues that occur
in a structure with a high LD value shows that most inter-
face residues are quite different from those that occur at
the equivalent site in a structure with a low LD value.Category C: Domains interacting through different
surfaces (see Figure 6)
Unlike other outliers with extreme deviations in do-
main orientations, structures in three alignments that
belong to this category are in the same conformational
or complex state with a defined interface, but the do-
mains pack together using different surfaces. This is
clearly demonstrated in the two homologs, g-crystallin
and protein S, shown in Figure 6A. These structures con-
sist of two similar domains, each of which is formed from
two Greek key motifs arranged into four-stranded anti-
parallel b sheets. The corresponding N- and C-terminal
domains have not diverged significantly in structure de-
spite low sequence identity (w18%) and superposition
is possible with low rmsd values of 0.81 (N-terminal)
and 1.35 (C-terminal). However, the domains in the two
proteins interact through different surface patches.
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packing so that the strands form an extended sheet
structure, whereas strands in g-crystallin domains inter-
act face to face; different packing surfaces are high-
lighted in gray in Figure 6A. After superposition of their
first domains, their second domains differ in position
by translation of 28 A˚ and rotation of 156º.
In two other examples, c-type cytochrome homologs
and nucleotidyltransferase (shown in Figures 6B and 6C,
respectively), different packing surfaces are not immedi-
ately apparent, because the homologous domains are
structurally more divergent than those in g-crystallin
and protein S. However, examination of these structures
shows that they also use different packing surfaces.
When contact residues are highlighted on individually
aligned domains, there is little or no overlap in the patch
of surface containing the contacting residues. Further-
more, when one pair of domains is superposed, the
Figure 7. Structurally Equivalent Interface Peptides that Undergo
Concerted Movement (an Example of Category D, Type I Interface)
(A) Hex-1 and eIF-5A proteins are shown in red (chain A of PDB code:
1khi) and yellow (chain A of PDB code: 2eif), respectively. Both of
these structures consist of an OB-fold domain (C-terminal) and an
SH3-like domain (N-terminal). In this figure, the C-terminal domains
have been placed in a similar orientation. Regions that have been
highlighted in blue are analyzed in greater detail below. Note the
changes in the orientation of the highlighted fragments.
(B) Both structures have a small interface which consists mainly of
two structurally equivalent contact peptides, a dipeptide (colored
in blue, N-terminal) and an octapeptide (colored in black with three
key residues highlighted in pink, C-terminal), that form a loop struc-
ture. One of the residues in the blue interface peptide is a Phe resi-
due whose aromatic side chain is accommodated within a small
pocket formed by the side chains of three contacts that are high-
lighted in pink. Interactions formed between the blue dipeptide
and pocket-forming residues are maintained in both structures.
The observed change in the domain geometry is probably due to
the rotational movement of the blue interface peptide, which has ro-
tated around the buried Phe residue. The effects of this rotation are
clear in the orientations of the linker (gray) and a loop (green) within
the N-terminal domain.other pair differs in position by translations and rotations
of 26 A˚/59º and 23 A˚/119º, respectively.
Although there is clear evidence for different surfaces
being used for domain interaction, the cause—different
combination events of individual domains or divergence
at the interface following duplication of existing domain
combination—cannot be clearly identified.
Category D: This category contains cases where
changes in domain geometry are produced by change
in the structure of the domain interface. We define
three different types of changes.
Type I: Structurally equivalent interface peptides
that undergo concerted movement (see Figure 7)
Some interfaces can be similar in structure, with
equivalent contact peptides being found on both homol-
ogous domains. However, unlike conserved interfaces
where equivalent contact peptides remain static, inter-
face fragments in three alignments move relative to
each other as rigid bodies. In these cases, when one
set of homologous domains is aligned, the equivalent
contact fragments on the second domain are displaced
and can be brought into correspondence through
one transformational operation. This type of interface
movement can be observed in the two proteins Hex-1
and eukaryotic translation initiation factor 5A (eIF-5A)
shown in Figure 7; see figure legend for interface
details.
As expected from the different domain geometry, the
functions of the Hex-1 and eIF-5a proteins are clearly
distinct from each other. eIF-5A is implicated in a num-
ber of processes such as mRNA binding, protein trans-
lation, and cell proliferation. On the other hand, Hex-1
proteins perform a structural role by self-assembling
into a lattice to form a dense core vesicle called the
Woronin body. This functions to seal septal pores in re-
sponse to cellular damage. The novel domain geometry
of Hex-1 together with extension of existing secondary
structural elements in eIF-5A are predicted to have con-
tributed toward self-assembly of Hex-1 by placing key
oligomerization residues into specific orientations
(Yuan et al., 2003).
Type II: Structurally equivalent interface peptides
that move independently of each other (see Figure 8
for details)
Three alignments in this category have significant
structural similarities in the main chain conformation of
the segments that form the interface between the do-
mains. However, mutations of the side chains have
shifted the relative position of the segments and the ac-
cumulation of these shifts produces large differences in
the interdomain geometries. In the example shown in
Figure 8, the domains have moved 10 A˚ and 35º.
Type III: Structural changes at the interface
In ten cases, mutation, insertion, and/or deletion have
changed the structure of segments that form all or part
of the domain interfaces. These changes are like those
shown in Figure 5, but unlike that case, they result in
shifts in the relative positions of the domains. In the
ten cases, the interdomain geometries differ by between
9.2 A˚/13.5º and 16 A˚/48.8º.
Conclusions
The initial observation that domain sequential order is
strongly conserved raised the question as to whether
Structure
944Figure 8. Structurally Equivalent Interface Peptides that Do Not Move as a Rigid Body (an Example of Category D, Type II Interface)
(A) The interfaces of two homologous proteins (cell division protein FtsA and hexokinase PII, chain T of PDB code: 1e4f and chain A of PDB code:
1ig8, left and right, respectively) consist of structurally equivalent contact peptides that move independently of each other. Equivalent N- and
C-terminal interface peptides have been highlighted in dark and light blue, respectively. The two helices interlock so that the helix from the
C-terminal domain packs between the helix and sheet from the N-terminal domain and vice versa. Neither the four fragments as a whole nor pairs
of fragments move together as a rigid body.
(B) When the N-terminal strand contacts (marked *) are superposed, the rest of the contact fragments are displaced and additional transforma-
tions are required to bring each fragment into correspondence in turn. Interface peptides of FtsA and hexokinase PII have been colored as dark
and light green, respectively. The peptides in this figure have been rotated to better visualize the displacement of equivalent contact fragments.this was because of functional or evolutionary reasons
(i.e., descent from one common recombination event).
Support for the latter explanation being very largely
true was given by the work of Bashton and Chothia
(2002) and of Gough (2005). Given that, in general, a par-
ticular sequential domain combination has evolved from
a single recombination event, the question arises as to
whether the homologs conserve their domain geometry.
Our examination of the relative domain orientations in
128 different domain architecture groups shows that
75 of them have similar interface structures that result
in the conservation of their interdomain geometries.
However, we also observe 53 cases that do not con-
form to this scenario. There are 5 cases where the
domain geometry is conserved despite structural diver-
gence at the interface. In these cases, strong functional
constraints operate to maintain the relative domain ori-
entations between homologs. In the remaining 48 cases,
interface structures as well as interdomain geometries
vary between homologs. A number of different types
of interfaces are observed in these structures, which
range from small concerted or independent movement
of interface peptides, to very large structural changes
and to the complete absence of a fixed interface. We
provide a classification of the structural changes at
domain interfaces.
It should be noted that while most of the differences
are seen in the homologs that have sequence identities
of less than 40%, a significant fraction occur in cases
where the identities are between 40% and 70%.
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